Figure 1. (a) Diffusible tracer methods use the Fick principle to calculate blood flow from tracer kinetics. (b) Doppler optical coherence tomography (OCT) is based on direct measurements of flow in individual vessels. The composite arterial (F A ) or venous flow (F V ) must be normalized to an estimated tissue volume/mass (V) or assigned to an organ of interest to obtain an absolute measurement.
Our group is studying optical measurement of blood flow in individual vessels using Doppler OCT: see Figure 1 (b). 4, 5 In our method, the flow in each vessel that supplies or drains a known tissue volume is optically measured. We sum these values together and normalize to a corresponding estimated tissue volume/mass or organ of interest. We assign flow to a known tissue volume/mass or organ in order to provide intersubject comparisons. This is necessary because flow in arbitrarily chosen individual vessels cannot be compared across subjects in a meaningful way due to intersubject variations in vascular topology. (Figure 2 shows an OCT angiogram 6 of the vasculature of a rat somatosensory cortex showing a range of vessel sizes that correspond to a range of flows.) However, when we normalize flow to an estimated tissue volume/mass or organ (either supplied or drained), we obtain an absolute measure that can then be compared across subjects.
In the case of cortical measurements, we sum flow over either all diving arterioles or all ascending venules in a given cortical surface area. We then normalize this value to an estimated tissue volume/mass corresponding to this cortical surface area. The advantage of such direct vascular methods of measurement is that they do not require models of tracer uptake or clearance; instead, they require estimation of a tissue volume/mass and assume flow conservation at steady state.
Continued on next page
Wang et al used Doppler OCT to quantify total retinal blood flow by measuring flow in all veins draining the retina. 7 They used a dual circumpapillary scan, consisting of two circles around the optic nerve head that intersect all vessels draining the retina, to determine vessel angles. Recently, our group developed a simple technique of en face integration to calculate blood flow directly from volumetric Doppler OCT data without explicit calculation of vessel angles. 8 This greatly simplifies flow measurements in individual vessels and the principle can be applied to calculate flow in any Doppler-based technique, such as OCT or ultrasound, where the axial projection of velocity is measured. Our group applied en face integration to calculate flow using Doppler OCT in the brain 8 and other groups have applied the technique to the retina, 9 and the kidneys. 10 In particular, these results show that flow in the central retinal artery 9 (49ul/min in a single subject) calculated by en face integration agrees reasonably well with flow summed across all retinal veins 7 (53ul/min and 45ul/min in two different subjects) calculated using the dual circumpapillary scan.
Recently, our group compared Doppler OCT cerebral blood flow values to those obtained by the hydrogen clearance method, a classical technique based on kinetics of tissue hydrogen concentration measured with a platinum electrode. We found Doppler OCT and hydrogen clearance cerebral blood flow values to be linearly correlated across subjects when we measured both simultaneously. 11 However, hydrogen clearance consistently produced lower blood flow values than Doppler OCT. While the reasons for this discrepancy require further investigation, it may be related to damage introduced by the insertion of the electrode, or systematic biases in the Doppler velocity estimation algorithm.
In conclusion, direct optical measurement of blood flow with Doppler OCT represents a novel and promising avenue for quantifying tissue perfusion at the microscopic level. Unlike tracer-based methods, Doppler OCT does not require a model of tracer uptake or clearance. Instead, Doppler OCT requires an accurate Doppler velocity estimation algorithm. Our future work will include algorithm development as these methods have the potential to become widespread in both clinical practice and in preclinical research.
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